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Abstract. The lack of adequate near-surface observations of
the stable atmospheric boundary layer spatial structure mo-
tivated the development of an instrumented car for mobile
turbulence measurements. The calibration and validation of
the car measurements are performed using controlled ﬁeld
experiments and a comparison with an instrumented tower.
The corrections required to remove the effects of the car mo-
tion are shown to be smaller and simpler than the corrections
for research aircraft measurements. A car can therefore sat-
isfactorily measure near-surface turbulence using relatively
low-cost equipment. Other natural advantages of a car, such
as the ability to drive on any road at any time of day or night
and follow the terrain slope, as well as its low cost of oper-
ation, make it applicable to observations of a variety of ﬂow
regimes that cannot be achieved with the usual platforms,
such as research aircraft or networks of ﬂux towers.
1 Introduction
Horizontal homogeneity is a frequently used assumption in
studies of the atmospheric boundary layer (ABL). It is used
out of necessity because a majority of the measurements
are taken either at single points or along vertical towers.
However, this assumption is rarely met in reality (Vickers
and Mahrt, 1997; Patton et al., 2005; Martínez et al., 2010;
Kang et al., 2012). This is particularly evident in the sta-
ble ABL, where motions from various origins are superim-
posed at a measurement point and result in complex signals
that are often associated with turbulence intermittency (e.g.
Beluši´ c and Mahrt, 2012; Mahrt et al., 2013). One alternative
is research aircraft observations, which provide ABL spatial
structure and can be used to quantify the effects of horizon-
tal heterogeneity (Hutjes et al., 2010; Metzger et al., 2013).
Research aircraft have received considerable attention over
the last several decades (e.g. Lenschow, 1986; Tjernström
and Friehe, 1991; Williams and Marcotte, 2000; Isaac et al.,
2004; Martin et al., 2011), with a wide range of aircraft
sizes and conﬁgurations used for ABL observations. Re-
cently there has been a focus on instrumenting and using
light and unmanned aircraft for ABL research (e.g. van den
Kroonenberg et al., 2008; Metzger et al., 2011; Mayer et al.,
2012; Vellinga et al., 2013). Although aircraft offer consid-
erable improvements in measuring spatial structure of the
ABL, they have a number of limitations that prevent their
use in certain situations. One critical case is the stable ABL
because it occurs at night, can be very shallow, and has
strong vertical gradients that require almost perfectly terrain-
following ﬂight tracks.
Instrumenting a car with turbulence sensors provides
a new capability for measuring low-level horizontal ABL
structure that complements existing techniques using aircraft
in the following ways:
– Aircraft can be vertically displaced by turbulent mo-
tions, resulting in uncontrolled altitude variations. Simi-
larly,aircrafthavedifﬁcultymaintainingconstantheight
above varying terrain. These height variations, together
with mean vertical gradients of atmospheric variables,
can result in artiﬁcial ﬂuctuations in aircraft time se-
ries (e.g. Vickers and Mahrt, 1997). The car-mounted
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instruments are always at the same height above the
ground and are not inﬂuenced by turbulent motions.
– Aircraft experiments have shown that ﬂying as low
as possible is preferable for estimating surface ﬂuxes
(Mann and Lenschow, 1994; Mahrt, 1998). The instru-
ments can be mounted on a car within a few tenths of
a meter of the ground up to about 4m above the ground.
– Low-level aircraft measurements are predominantly re-
stricted to daytime, while a car can measure at nighttime
as well. This is critical for observations of the stable
ABL.
– Small unmanned aircraft, some of which can ﬂy at
night, have limited payload compared to a car.
– Aircraft are much more expensive to deploy. This may
result in limited airborne time, which necessitates trade-
offs between the desired spatial coverage and repeated
ﬂight patterns needed for reducing the random ﬂux error
(Mahrt, 1998).
– Aircraft cannot ﬂy below a certain speed, while a car
can operate as either a stationary or a mobile platform.
– Car motions are more constrained and smaller than air-
craft motions, resulting in less contamination of the
measured wind by platform motions.
Using instrumented cars for atmospheric measurements is
not new. Straka et al. (1996) report on the mobile mesonet,
a mobile system for observing mesoscale weather phenom-
ena. The mobile mesonet consists of instrumented cars that
sample standard meteorological variables, including the hor-
izontal wind vector, every 1s. Mayr et al. (2002) and Smith
et al. (2010) used instrumented cars for measuring atmo-
spheric thermodynamic properties in complex terrain, ex-
cluding the wind vector. Raab and Mayr (2008) studied the
complex ﬂow in the Sierra Nevada mountains using a similar
system, additionally equipped with a two-dimensional sonic
anemometer. Gordon et al. (2012) seem to have been the ﬁrst
to install three-dimensional sonic anemometers on a road ve-
hicle. They studied the enhancement of turbulence on high-
ways usingan instrumented truck. However, a detailed exam-
ination of the general applicability of an instrumented car for
measuring ABL mean wind and turbulent ﬂuxes has not been
undertaken previously. Here we show that an instrumented
car can be used for measurements of the horizontal mean and
turbulence structure of the ABL.
2 Instrumented car measurements
2.1 Instrumented frame
The motivation was to develop a simple low-cost instru-
mented platform that can be easily mounted on a car. A lat-
tice aluminium frame is attached to roof racks of a car, with
Figure 1. Photo of the instrumented car.
the front of the frame additionally braced to the car bumper
with steel guy wires. The latter signiﬁcantly reduces vibra-
tions of the frame. The frame’s attachment point for sensors
is located 1.2m in front of the car bumper and 3m above
the ground surface, which is within the legal limits in Victo-
ria,Australia.ACSAT3sonicanemometerandanunshielded
type E ﬁne wire thermocouple (TC) 12.7µm (0.0005inch) in
diameter are used in this system. Figure 1 shows the frame
and instrument placement on a car. The sonic and TC data
are recorded at 20Hz. The internal sampling frequency of
the sonic is 60Hz, and this data is internally low-pass ﬁltered
and block averaged to 20Hz to avoid aliasing. Additional in-
struments could be installed to measure other variables, such
as surface temperature, water vapour, and CO2.
Since the measurement height is 3m above the ground and
the car typically moves at speeds close to the local speed
limits, having the sampling frequency of 20Hz raises a pos-
sibility of missing the contribution of signiﬁcant small eddies
to the total ﬂux. The latter could also yield increased alias-
ing effects. Assuming a maximum car speed of 30m s−1,
at 20Hz this gives a spatial resolution of λ = 1.5m. At the
measurement height z = 3m, we get z/λ = 2. Using surface-
layer scaling (e.g. Lenschow, 1995; Schmitt et al., 1979),
we ﬁnd that more than 95% of the ﬂux is accounted for at
z/λ = 2; e.g. Lenschow, 1995, Fig. 5.4), which means that
the current sampling frequency is adequate for the car ﬂux
measurements in the daytime. Later we show that the spectra
show no signs of aliasing.
A low-cost miniature GPS-aided inertial navigation sys-
tem (GPS-INS; IG-500N, SBG Systems, France) is attached
to the sonic anemometer to provide the position, speed and
orientation of the sonic. The GPS-INS data are used to re-
move the car motions from the sonic measurements, and
to rotate the wind vector measured in the car coordinate
system to the meteorological coordinate system (deﬁned in
Sect. 2.2). The development of small low-cost GPS-aided
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INS has made this type of inexpensive system feasible for
turbulence measurements. The somewhat lower accuracy of
such systems compared to more expensive airborne INS sys-
tems is partially offset by the smaller amplitude of car mo-
tions compared to aircraft motions. The GPS-INS data are
recorded at 20Hz. The internal sampling frequency of the
accelerometers and gyroscopes is 10kHz, which is down-
sampled through a series of internal ﬁlters to 100Hz, and
then merged with the GPS signal sampled at 4Hz through
the on-board extended Kalman ﬁlter. Since the ﬁnal output
is based on integration of accelerometer and gyroscope data,
small initial errors can grow rapidly without external correc-
tions. The GPS is used to provide such long-term stability to
the ﬁnal results. The GPS is also used to provide the heading.
The frame can be attached to a wide variety of cars; a ded-
icated car is not necessary. In order to simplify the mounting
of the frame on a car, the frame is permanently attached to
a set of roof racks. It takes two people to carry the frame, and
less than 30min to attach the roof racks to a car and the guy
wires to the bumper. Some instruments are installed after the
frame is attached to a car, so it takes about 1h to set up the
entire system and start the measurements.
2.2 Determining the wind vector
The current GPS-INS is factory conﬁgured such that it out-
puts velocity in its own coordinate system, unlike the typical
INS systems that output velocity in the geographic coordi-
nate system, with the z axis aligned with the local Earth grav-
ity. The GPS-INS is mounted such that its coordinate system
is aligned with the sonic’s coordinate system, which are then
aligned with the car coordinate system. This means that the
wind vector in the car coordinate system is a simple vector
difference between the sonic and GPS-INS velocities:
V car = V sonic −V INS, (1)
where V car is the wind vector in the car coordinate system,
V INS is the GPS-INS motion vector, and V sonic is the the
car-relative ﬂow vector measured by the sonic anemometer.
The typical procedure for obtaining the ﬁnal wind vector
fromthecurrentsystemisthefollowing.Weassumeherethat
the departures of the car coordinate system from the local ter-
rain coordinate system are negligible. Then the wind vector
in the coordinate system deﬁned by the local terrain, V ter,
is obtained by rotating V car horizontally using the heading
information:
V ter = MtcV car, (2)
where
Mtc =

cos9 −sin9
sin9 cos9

is the two-dimensional rotation matrix, and 9 is the heading.
The ﬁnal wind vector in the local meteorological coordinate
Table 1. Accuracy of the GPS-INS and sonic, given by the manu-
facturers, and the derived accuracy of the ﬁnal wind. u and v for the
ﬁnal wind are evaluated using ucar = vcar = 5m s−1 (see Eq. 3).
Parameter GPS-INS Sonic (@ 20m s−1) Wind
Pitch, roll 0.8◦ – –
Heading (9) 0.5◦ – –
u, v 0.1m s−1 0.5m s−1 0.6m s−1
w 0.1m s−1 0.4m s−1 0.5m s−1
Position 2.5m – –
system V is obtained from
V ter = (uter,vter,wter) = (northward, eastward, downward)
by a simple permutation of components:
V = (u,v,w) = (eastward, northward, upward)
= (vter,uter,−wter).
Note that eastward, northward, and upward or downward
are relative to the local terrain, so that the local vertical is
determined by the slope of the terrain rather than by grav-
ity. In this way, the wind vector is given in the coordinate
system that is approximately aligned with local ﬂow stream-
lines, which for stationary sonic anemometers is normally
achieved by using tilt correction algorithms (e.g. Wilczak
et al., 2001). The alignment with the local road slope is not
desirable for small-scale road irregularities that are not fol-
lowed by the airﬂow. This could be addressed by applying
pitch and roll corrections only to the high-wavenumber part
ofthespectra,buttheresultsfromtheﬁeldtestsdiscussedbe-
low show that these corrections are usually very small. This
natural alignment with the local terrain slope is an advantage
of the instrumented car compared to research aircraft. Air-
craft observations have to be three-dimensionally rotated into
the global meteorological coordinate system, with the ver-
tical determined by gravity (e.g. Lenschow, 1986; van den
Kroonenberg et al., 2008). While this three-dimensional
transformation can be used for the car as well, we perform
it only in speciﬁc cases, such as in the validation test where
the car is driven over speed bumps.
Using the two-dimensional rotation simpliﬁes the deter-
mination of the error propagation. The accuracy of the ﬁnal
wind vector is obtained using Eqs. (1) and (2) from the nomi-
nal accuracies of the GPS-INS and sonic, which are provided
by the manufacturer (Table 1), in the following way:
1V h = 1V h
sonic +1V h
INS +V h
car19, (3)
1w = 1wsonic +1wINS, (4)
where 1 denotes the error and superscript h the horizontal
wind vector.
The systematic error due to potential misalignment be-
tween the sonic and GPS-INS can be evaluated by assum-
ing the misalignment angles in the vertical and horizontal
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Table 2. Basic characteristics of the 20 car tracks. |V h
INS| is the
mean horizontal car speed (see Eq. 1).
Tracks |V h
INS| Length of
(m s−1) tracks (m)
1 and 2 13.2 780
3 to 6 15.9 900
7 to 14 21.2 900
15 to 20 26.8 900
planes of 1◦. This value is larger than the actual angles be-
cause the misalignment is minimized by attaching the GPS-
INS directly to the head of the sonic. The resulting error in
transverse components is less than 0.35m s−1, but this error
is mostly removed by the correction procedures described in
Sect. 4.1.
3 Field tests
Two ﬁeld tests were performed to detect and correct various
sources of errors, such as the ﬂow distortion induced by the
car and frame, and to validate the corrected ﬁnal wind vector.
The tests were designed to mimic the typical research aircraft
manoeuvres for in-ﬂight calibration (Lenschow, 1986). The
range of those manoeuvres that could be performed by the
car is limited because many of them depend on the compli-
cated aircraft responses to changing pitch, lift or speed, none
of which occur for the car. An additional limitation occurs
for the calibrations that require ﬂying in the calm atmosphere
above the ABL, which is obviously unachievable for the car.
At the same time, these limitations are compensated for by
the reduced amplitude and greater simplicity of car motions
compared to the aircraft, so the two tests performed here pro-
vide enough data for calibrating the car observations.
3.1 Test 1: repeated passes and tower comparison
The ﬁrst test was conducted in a rural relatively ﬂat-terrain
area near Shelford, Victoria, Australia on 6 December 2012,
from 12:23 to 13:03LST. The winds were about 1.5m s−1 at
3m above the ground, the surface heat ﬂux was positive, and
theskywascoveredwithscatteredstratocumulusclouds.The
instrumented car passed a tower while driving back and forth
along a relatively ﬂat and homogeneous road (see Fig. 2).
There were 20 tracks, and the car speeds ranged from 13 to
27m s−1 (see Table 2). The maximum driving time for each
track was 1min. The length of the ﬁrst two tracks reached
only 780m because of the lower car speed. The lengths of
all other tracks will be limited to 900m in further analyses,
except for the spectral calculations. The length of 900m is
chosen because there the road is relatively ﬂat and homoge-
neous.
Figure 2. Google Earth image showing the location of the 780m
(green line) and 900m (red line) car tracks, and the instrumented
tower.
The tower was equipped with the same instruments as the
car (a CSAT3 sonic and a type E ﬁne wire TC with a 12.7µm
diameter) at the same height (3m above the ground) and was
located25mfromtheroadnearoneendofthetracks(Fig.2).
3.2 Test 2: speed bumps and small circles
The second test was conducted on a windy day in Mel-
bourne, Victoria, Australia on 16 August 2013, from 10:30 to
11:30LST. The wind at 3m was around 4m s−1 with strong
turbulence and positive surface heat ﬂux. The instrumented
car was driven back and forth along a street with several
speed bumps. The street is located in a suburban area with a
homogeneous grass-covered park upwind. Eight tracks with
the total of 27 speed-bump crossings were made, driving at
a constant car speed of about 12m s−1.
Another manoeuvre was performed during this test, where
the car was driven at a constant speed of about 8m s−1 in
small circles, with the radius of 20m on the top of a parking
garage.Theusualcorrectionsfailedtoremovethecar-motion
effects from the ﬁnal wind vector, but were successful when
the horizontal car speed was taken from an independent GPS
located in the car, rather than from the miniature GPS-INS.
A comparison between the two instruments showed that the
miniature GPS-INS underestimated the horizontal car speed
by about 2m s−1 during this manoeuvre. This could be due
to a phase shift between the internal INS and GPS resulting
from a time lag in the GPS response, which points to the pos-
sible limitation that the current system may not be accurate
during sharp turns. As a result, the data for all signiﬁcant
turns will be excluded from the analyses.
4 Correction and validation of car measurements
4.1 Corrections
The car, the frame and the sensors induce ﬂow distortion.
Since the car speeds were about 10 times higher than the true
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Figure 3. Car vs. tower for mean variables: vector-averaged wind speed (V), wind direction (dir), eastward (u), northward (v) and vertical
(w) wind components, and temperature (T).
wind speed, the ﬂow distortion can signiﬁcantly modify the
total measured wind vector and is likely to cause the only sig-
niﬁcant error in the magnitude of the measured longitudinal
wind component. Two corrections were performed in order
to reduce the effects of the ﬂow distortion or misalignment
of sensors:
– The data show that the vertical wind speed has a linear
dependence on the car-relative wind speed (the mean
angle of attack is 1.3◦ for both tests). This linear depen-
dence is removed by the coordinate rotation of −1.3◦ so
that w becomes zero for all speeds.
– The horizontal wind speed is corrected by assuming the
stationarityofthetruewindvelocityforanytwoconsec-
utive tracks driven at same car speeds in opposite direc-
tions. If so, the average of the longitudinal car-relative
ﬂow speed in the car coordinate system (usonic) for the
two tracks should be equal to the car speed. The mea-
sured data from the ﬁrst test shows that the differences
between usonic averaged over two consecutive tracks
and the car speed are a function of the car speed, so
they are forced to zero. The same average of the lateral
component vsonic is zero in the data, so a correction is
notrequired.Themethodappliedhereisstandardincal-
ibrating aircraft measurements. The caveat here is that
these manoeuvres are usually performed in the steady
atmosphere above the ABL to reduce the effects of non-
stationarity and horizontal heterogeneity. These effects
may be more important for the car system because of
the proximity of the surface. For example, during the
40min of the ﬁrst test, the wind speed oscillated be-
tween about 0m s−1 and 2.5m s−1, and the wind di-
rection varied between northwesterly and southeasterly.
Based on the tower data, some of the larger wind vec-
tor changes occurred between two consecutive tracks,
which affected the ﬁnal correction of the longitudinal
component by an unknown amount.
These corrections are applied to all wind data measured by
the instrumented car.
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4.2 Comparison of averages and ﬂuxes with the tower
Averaging intervals for the car data are taken to be equal to
the track lengths, which means that there is a smaller num-
ber of data points (i.e. shorter time interval) for tracks with
higher car speeds. The reasons for this are the approximate
homogeneity of the tracks over the 900m, and the same spa-
tialscalesforcalculatingturbulentﬂuxes.Thelatterisimpor-
tant because there is a signiﬁcant contribution to the ﬂuxes
from the energy-containing region at larger scales. Using the
equal track lengths means that the same spatial scales are
used for comparison between different tracks and the tower.
Changing the track lengths for different speeds (e.g. to force
equal time intervals for all tracks) would result in different
sizes of large eddies retained in ﬂux calculations, which is
undesirable.
For each track, the tower data are averaged over 5min for
the comparison of mean variables and over 10min for the
ﬂuxes. The 10min averaging for the ﬂuxes is determined
by requiring that the same spatial scales, or eddy sizes, are
present for both the car and tower ﬂuxes. Since the largest
scales in the car measurements are 900m, and the mean wind
speed is about 1.5m s−1 (see Fig. 3), the Taylor hypothesis
gives the corresponding timescales of 10min. The 5min av-
eraging for mean variables is chosen instead of 10min be-
cause the interval of a single car track is 1min, which means
that the car will have driven about six or seven tracks dur-
ing a single tower average of 10min. This number decreases
to about three tracks when 5min averaging is used. Reduc-
ing the tower averaging even further would result in insufﬁ-
cient sampling and the data would not be representative of
the mean ﬂow. Likewise, consecutive 10min tower ﬂuxes
haveaconsiderableoverlap,yieldingsmootherﬂuxestimates
between different tracks compared to the car. These caveats
should be considered when comparing the car measurements
with the tower.
Figure 3 shows the comparison between the car and tower
mean wind and temperature data for each track. The corre-
sponding scatter plots and statistical measures of agreement
(bias and normalized RMSE) are shown in the Supplement.
The agreement is satisfactory for all variables, implying that
the car can be used for measuring mean horizontal structure
of the ABL. The u component seems systematically under-
estimated by the car, which may be a reﬂection of the limi-
tations in using a ﬁxed-point wind measurement to compare
with the car measurement along a horizontal traverse. The
differences are likely due to nonstationarity and horizontal
heterogeneity in the wind ﬁeld. The lack of correlation be-
tween w components is expected because of the relatively
small magnitude and integral scale of w compared to u and
v. The sonic anemometer measures the sonic virtual temper-
ature (Kaimal and Gaynor, 1991), which explains the differ-
ence from the mean TC temperature in Fig. 3.
Figure 4 shows the comparison between all components
of the car and tower ﬂuxes and variances. The correspond-
ing scatter plots, and bias and normalized RMSE, are shown
in the Supplement. All three speed variances generally agree
well, except for certain tracks (tracks 14 and 15 for u02, and
tracks 18 and 19 for v02) that will be discussed below. The
car somewhat underestimates the temperature variance for
both the sonic and TC, implying that the difference is not
caused by instrument errors, but probably by nonstationar-
ities in tower measurements. The car and tower heat ﬂuxes
generally follow each other over the range of values, which
vary from 0.05 to 0.35Km s−1, and the level of agreement
for individual tracks depends on the tower averaging interval
as shown below. According to expectations (e.g. Schotanus
et al., 1983; Foken et al., 2012), the car heat ﬂuxes calculated
from the sonic temperature (i.e. buoyancy ﬂuxes) are larger
than from the TC temperature (i.e. sensible heat ﬂuxes), but
the correlation is good. However, this difference increases
with the car-relative ﬂow speed. This is consistent with the
overestimation of heat ﬂux by the CSAT3 anemometer in
strong winds reported by Burns et al. (2012). They found the
source of the error in the underestimation of the sonic tem-
perature by CSAT3 running version 4 of the ﬁrmware. We
use the same CSAT3 ﬁrmware version, and our results are
consistent with this documented systematic underestimation
of the sonic temperature.
The car momentum ﬂuxes generally are the right order
of magnitude, but the agreement on a point-to-point basis is
questionable. The car v0w0 ﬂux appears as if it has the oppo-
site sign from the tower. The u0v0 ﬂux seems to agree the best
in that there are no large or systematic discrepancies. How-
ever, the car u0w0 ﬂux does not look realistic, because the
values oscillate around zero for tracks in different directions.
Such behaviour could result from two mechanisms: ﬂow dis-
tortion that has not been completely corrected, or the ran-
dom error resulting from insufﬁcient sample size. Tests with
several different approaches to correcting the car ﬂow distor-
tion have not changed this behaviour. Li et al. (2013) showed
that CSAT3 is prone to erroneous positive momentum ﬂux
even with carefully performed sector-speciﬁc tilt correction,
which could partially explain the unrealistic ﬂuxes obtained
here. However, when the averaging interval for the tower
ﬂuxes is decreased to 2min, the tower u0w0 ﬂuxes start to
exhibit a very similar behaviour to the car (Fig. 5). This is
a result of the small sample size for the tower ﬂuxes and
therelatedlossofoverlapbetweensubsequentﬂuxestimates.
Therefore, a provisional conclusion is that the possible prob-
lem with the car u0w0 ﬂuxes is predominantly related to the
small sample size, rather than to uncorrected ﬂow distortion.
This conclusion is further supported by the analysis of
Lenschow and Stankov (1986) and Lenschow et al. (1994),
who ﬁnd that random sampling errors are smaller for scalar
ﬂuxes than for momentum ﬂuxes. This is a consequence
of the dependence of the random error of ﬂuxes on the
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Figure 4. Car vs. tower for ﬂuxes and variances. Averaging interval for the tower data is 10min. The error bars represent the 95% conﬁdence
intervals (±1.96σ, where σ is obtained from Eq. (5) for both ﬂuxes and variances).
correlation coefﬁcient (Lenschow et al., 1994):

L
2Lf
1/2 σF(L)
|F|
=

1+r2
ws
r2
ws
1/2
, (5)
where F is the ﬂux, σF the random ﬂux error, Lf the ﬂux in-
tegral length scale, L the track length, and rws the correlation
coefﬁcient between the vertical wind speed w and a variable
s, where s is either the temperature T or a component of the
horizontal wind speed, u or v. In this study, |rwT| = 0.55,
|ruw| = 0.07, and |rvw| = 0.10, where the overbar denotes
the average over all tracks. The term on the right hand side
of Eq. (5) is thus 5 to 7 times larger for momentum than
for heat ﬂux, while the integral scales are comparable. The
integral scale is calculated by integrating the autocorrelation
function to the ﬁrst zero crossing (Lenschow and Stankov,
1986). The magnitudes of random error are given by the er-
ror bars in Figs. 4 and 5. The random error for variances is
obtained in the same way as for the ﬂuxes, but for the vari-
ances, the correlation coefﬁcient is 1.
Furthermore, the agreement of the other two momentum
ﬂuxes is improved when 2min tower averaging is used, par-
ticularly for v0w0. The effect of reduced tower averaging on
w0T 0 and T 02 is also signiﬁcant, but the differences between
tower and car measurements decrease only for some tracks.
There is an increase of the tower v02 for track 18 that re-
sembles the car v02, and it appears only for the 2min tower
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Figure 5. As in Fig. 4, except that the averaging interval for the tower data is 2min.
averaging. This indicates that the apparently overestimated
car variances for some tracks could result from short-lived
strong mesoscale events whose magnitudes are reduced by
larger averaging intervals for the tower ﬂuxes. Inspection of
the raw data for tracks 14 and 15, where the car consider-
ably overestimates u02, points to a similar conclusion that the
anomalous variances are due to propagating mesoscale struc-
tures that are not adequately sampled by either the tower or
the car.
Another cause of differences could be the different foot-
print for the tower and car. We have calculated the foot-
print for each car track using the technique described by
Hsieh et al. (2000), and the distance of the footprint peak
from the car sensors ranges from 2 to 8m (Fig. S5 in the
Supplement). The road can therefore exert signiﬁcant inﬂu-
ence on car ﬂuxes in these weak-wind conditions, while the
tower is too far away from the road in this case to experi-
ence these effects. However, the largest differences between
the car and tower are not associated with a noticeable change
in the footprint or wind direction, meaning that other mech-
anisms (discussed above) are most likely responsible for the
larger differences.
4.3 Comparison of spectra with the tower
The spectra are calculated in the wavenumber domain for the
comparison between the car and the tower. The input time
series are transformed from the time to space domain us-
ing the car-relative ﬂow speed for the car spectra, and the
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Figure 6. Sonic wind components and temperature car vs. tower wavenumber spectra. The car spectra are averaged over all tracks with the
same car speed, yielding four groups of tracks (see Table 2), while the tower spectra are averaged over all tracks.
mean wind speed for the tower spectra assuming the appli-
cability of the Taylor hypothesis. The car tracks are all 1min
long, unlike the 900m from previous sections. This is to en-
sure the same number of data points for calculation of spec-
tra, which simpliﬁes the analysis and comparison. The ﬁnal
shapes of the spectra are not very sensitive to this choice.
The mean wind speed for all tower spectra is taken to be
1.5m s−1, which means that all tower spectra have the same
wavenumber range. Individual tower spectra, corresponding
to individual car tracks, look very similar for each variable,
so they are averaged into a single spectrum. Since the car
speeds are different for the four groups of tracks (see Ta-
ble 2), the wavenumber ranges are also different. The car
spectra are therefore averaged for each group, yielding four
spectra for each variable.
Figure 6 shows the spectral agreement between the car and
tower measurements. The car spectra for u, w and T agree
well with the tower, as well as with the k−5/3 law, which
implies that the standard corrections work well. The spectral
amplitudes slightly increase with the car speed. Since the car
speed increases with successive runs, this almost certainly
results from the small increase in variance due to the increas-
ing mixing with time, as seen for example from T 02 in Fig. 4.
The spectra for the v component show distinct peaks at large
wavenumbers. These peaks are a function of the car speed in
the wavenumber domain, which points to their local origin as
frequency oscillations rather than spatial modes.
Figure 7 shows the lateral velocity spectra in the fre-
quency domain for the car-measured wind and the GPS-INS-
measuredmotion.Thelateralcomponentspectraareapproxi-
matelythesameasthenorthwardv componentforthisexper-
iment because the car track orientation has only a small devi-
ation from the east–west direction. The characteristic peaks
at about 7Hz for the lateral component are at the same fre-
quency for wind and GPS-INS, and are also at approximately
the same frequency for all car speeds. This implies that these
spectral peaks are caused by the frame vibrations. The reason
why these vibrations are not removed after the standard cor-
rections, even though the GPS-INS recorded them, is found
in the phase shift between the wind and GPS-INS. The phase
shift should be 180◦, but is variable in the data. This is be-
cause the spectral peaks are so close to the sampling fre-
quency that the phase shift is not adequately resolved. One
solution of this issue could be to use a higher sampling rate,
but the throughput of the GPS-INS does not currently allow
that. Another approach is to apply a cut-off ﬁlter to remove
the high frequencies where spurious oscillations occur.
Frequency spectra for all three components in the car co-
ordinate system (Figs. 7–9) also illustrate the relative impor-
tance of the frame motion and attitude corrections. A con-
cern was that high-wavenumber road irregularities could
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Figure 8. As in Fig. 7, except for the longitudinal component and the contribution of pitch to the longitudinal component.
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Figure 9. As in Fig. 7, except for the vertical component and the contributions of both pitch and roll to the vertical component.
introduce spurious contributions to the ﬁnal wind because
the three-dimensional rotation is not used to correct for the
attitude angles. The spectra show that their contributions at
the high-wavenumber end are at least an order of magni-
tude smaller than the motion of the system as recorded by
the GPS-INS, which translates into being at least three times
smaller for velocity. The spectra of GPS-INS motion itself
are about an order of magnitude smaller than the measured
wind. This implies that the most important corrections for
the instrumented car are to remove the mean car speed and
the mean vertical speed induced by the ﬂow distortion. Other
corrections have small to negligible effects on the ﬁnal re-
sults for typical road conditions. This is substantially differ-
ent from the aircraft measurements, where both the attitude
angles and the aircraft motion vector are signiﬁcant com-
pared to the wind vector, and must be measured and removed
to get the true wind.
4.4 Speed bumps
The three-dimensional rotation of the wind vector into the
Earth coordinate frame (see Sect. 2.2) was used for correct-
ing the wind when driving over the speed bumps. The tracks
were divided into the parts when the car is crossing a speed
bump, and the other, ﬂat parts. The variance of w when the
car was crossing the speed bumps is 1.306m2 s−2 after the
corrections and is compared to
– the variance before the corrections, 1.554m2 s−2
– the variance of the ﬂat parts of the tracks, 1.302m2 s−2.
So, the applied corrections successfully decrease the w vari-
ance over the speed bumps to the value of w variance over
the ﬂat road. This implies that for tracks over bumpy roads,
it may be advisable to use the full three-dimensional rotation.
5 Conclusions
The instrumented car presented in this study is a feasible al-
ternative and complement to towers and aircraft for measur-
ing the ABL mean and turbulence structure. The corrections
for obtaining the wind vector are smaller and simpler than
for the aircraft because of the smaller amplitude and fewer
degrees of freedom. Unlike for the aircraft, the corrections
for pitch and roll are negligible at high frequencies, while
the lateral and vertical motions of the instruments are about
three times smaller than the corresponding wind components
even for low-wind speeds. The crucial corrections and trans-
formations that have to be performed are removing the longi-
tudinal car speed, removing the mean vertical speed induced
by the ﬂow distortion, and rotating the horizontal wind to the
meteorological coordinate system.
The natural simplicity and low cost of operating such
a system make it a useful tool for studying near-surface tur-
bulence statistics such as ﬂuxes and variances. The range of
applications is limited only by the presence of a road, which
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can also be relaxed if the instrumented frame is mounted on
a four-wheel-drive vehicle. Studies such as horizontal map-
ping of the nocturnal stable ABL, probing the stable cold
pool structure, and measuring horizontal gradients at the
edges of forests, within forests or in urban city canyons are
not possible with an aircraft. A possible alternative – a dense
network of towers – is likely to be considerably more expen-
sive and less ﬂexible than an instrumented car.
It should be pointed out that there are more demanding
meteorological situations than what we encountered here
for these tests. For example, in stable weak-wind situations,
the intermittent and weak nature of turbulence and smaller
ﬂuxes may signiﬁcantly reduce the accuracy of the system
described here for ﬂux measurement. However, the mean
and turbulence horizontal structure should still be adequately
measured. For such situations involving more demanding
measurement requirements, additional tests of the system
performance are recommended. We also point out that there
are improvements that can be made to the system, such as a
more accurate and responsive INS-GPS system that can im-
prove the system accuracy and time response, and the calcu-
lation of the footprint and disaggregation of ﬂuxes (Hutjes
et al., 2010; Metzger et al., 2013) that can quantify the rela-
tive contribution of the road to the car ﬂuxes.
The Supplement related to this article is available online
at doi:10.5194/amt-7-1825-2014-supplement.
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